Altered blood volume regulation in sustained essential hypertension: A hemodynamic study. Cardiac and renal hemodynamics and total blood volume were determined in 28 normal subjects and 60 patients with untreated essential well-established hypertension. Endogenous creatinine clearance was within normal ranges and sodium intake was 110 mEq/day. A significant negative volume-resistance relationship was observed both in normal subjects (P< 0.005) and hypertensive patients (P< 0.001). In comparison with the normal curve, the hypertensive curve has two characteristics: 1) the curve was reset on the right-hand side and, 2) the slope was significantly shallower, indicating a reduced ability to decrease the volume per unit rise in resistance. By using the normal curve as a reference system, a quantitative evaluation of the blood volume disturbance was proposed. In hypertensives, the value of the total peripheral resistance could correspond to two different values of the total blood volume: the real value and the theoretical value extrapolated from the normal curve. The difference between the two values was called "relative variation in blood volume" and was used as a mathematical model. In hypertensives, the real blood volume was significantly reduced (P< 0.001) while a significant "relative increase" in total blood volume was observed (P<0.001). This "relative increase" was directly correlated with the diastolic arterial pressure (r 0.64; P <0.00001) and was inversely related to the renal blood flow (r= -0.54; P <0.0001) and the creatinine clearance. Such correlations were not observed with the real blood volume. In agreement with Guyton's theory, this study highly suggests that sustained hypertension is related to an increase in blood volume relative to the capacity of the circulatory system and that a renal defect is necessary for the blood pressure elevation mechanism. 
ability to decrease the volume per unit rise in resistance. By using the normal curve as a reference system, a quantitative evaluation of the blood volume disturbance was proposed. In hypertensives, the value of the total peripheral resistance could correspond to two different values of the total blood volume: the real value and the theoretical value extrapolated from the normal curve. The difference between the two values was called "relative variation in blood volume" and was used as a mathematical model. In hypertensives, the real blood volume was significantly reduced (P< 0.001) while a significant "relative increase" in total blood volume was observed (P<0.001). This "relative increase" was directly correlated with the diastolic arterial pressure (r 0.64; P <0.00001) and was inversely related to the renal blood flow (r= -0.54; P <0.0001) and the creatinine clearance. Such correlations were not observed with the real blood volume. In agreement with Guyton's theory, this study highly suggests that sustained hypertension is related to an increase in blood volume relative to the capacity of the circulatory system and that a renal defect is necessary for the blood pressure elevation mechanism. Abnormalities of total blood volume [1] [2] [3] [4] [5] have been commonly observed in arterial hypertension and they often have been related to the level of arterial blood pressure [6] [7] [8] [9] . This assumption is not surprising because pressure might partly reflect a relationship between the capacity of the arterial system and the volume it contains, as well as the usually considered variables of inflow pressure and outflow resistance.
Recently, a negative relationship between blood volume and total peripheral resistance was described in normal subjects [4] and patients with essential hypertension, renal arterial disease and primary aldosteronism [4 ,1O-141 . This correlation suggested that a negative feedback mechanism between resistance and volume might exist. This mechanism could operate differently in normotensive and hypertensive subjects, resulting in the latter group from an inappropriate blood volume for the resistance level. Since the dependence on resistance of intravascular volume as a function of the integrity of the kidney was never investigated, such a study would be of major interest.
The purpose of the present report is 1) to establish the volume-resistance relationship in normotensive and essential hypertensive patients, 2) to determine in hypertensive individuals a quantitative index of the volume-resistance disturbance and 3) to evaluate the role of the kidneys in any observed blood volume abnormalities.
Methods
Patients. Sixty male chronic hypertensive patients and 28 male normal subjects were included in this study. Patients were considered to have sustained hypertension when the diastolic blood pressure was consistently above 100 mm Hg during the past year. Diagnosis was based on outpatient blood pressure recordings.
Normotensive and hypertensive subjects were untreated or had discontinued their therapy at least four weeks before the study. They were hospitalized during a six-day period and placed on a 110 mEq/day sodium diet. During hospitalization, sodium intake and output were equivalent. In hypertensive subjects, extensive investigations included the following: blood and urinary electrolyte and catecholamine determinations, endogenous creatinine clearance, timed i.v. urography with dye washout test and/or renal arteriography. All patients were felt to have essential hypertension. None had cardiac or neurologic involvement. Mean endogenous creatinine clearance was 97±3 ml. mm '.
1.73 rn-2. Clinical characteristics are listed in Table 1 .
Hemodynamic indexes. Hemodynamic indexes were determined on the third day of hospitalization. At this time, 48 hypertensive patients had a diastolic blood pressure above 95 mm Hg; 12 patients had values beneath this figure. After an overnight fast, the patients were brought to the hemodynamic laboratory without premedication. A transcutaneous catheter was inserted via an antecubital vein into the subclavian vein for the injection of indocyanine green dye. An 18-gauge thin-walled needle was also inserted into a brachial artery for the measurement of intra-arterial Body surface area, m2
1.76 0.03 1.87 0.02°p ressure and withdrawal of blood for indicator-dilution curves. Cardiac output was determined with the use of the Waters cuvette and a densitometer as described previously [5] . Cardiac output was measured at least twice with the subject in the supine position and was determined by the Stewart-Hamilton method [15] . The reproductibility of the method was 3±2% (± 1 SEM). Cardiac index was expressed in ml mm -1/ m2 by correcting for the body surface area. Mean arterial blood pressure was measured with an electronic integrator (Thomson-Telco). Total peripheral resistance (TPR) was calculated from the following formula:
TPR (arbitrary units m2 or kg) = MAP/CO x 80, where MAP =mean arterial pressure (mm Hg) and CO =cardiac output (liters/min/m2 or liters/mm/kg of body wt).
Blood volume determinations. 1) Real blood volume.
Before the hemodynamic study, total blood volume was measured in the recumbent position. It was determined by isotope dilution technique with the use of radio-iodinated albumin as previously described [5] .
After a control sample was taken, 3 1j.Ci was injected at zero time; ten minutes later, a sample was taken for counting. Blood volume was expressed in ml.kg'.
2) Theoretical blood ,volume. A significant resistance volume relationship was observed in normal subjects (P <0.005) as previously reported [4] . The correlation is not dependent on the age (partial correlation coefficient) and exists even when unnormalized values are used. (Fig. 1) . When the theoretical value is greater than the real value, there is a relative decrease in blood volume. When the theoretical value is less than the real value, there is a relative increase in blood volume. As a matter of fact, these terms point out a variation in blood volume relative to the total peripheral resistance level.
Renal indexes. Renal blood flow was estimated by the '311-hippurate clearance (20 PCi) and determined by using the single-injection method. After a control sample was taken the injection was given at time zero and blood samples were collected five times between the 10th and the 20th mm. Radioactivity concentrations were plotted against time on semilogarithmic paper. The calculations were made by using the model of one compartment mamillary system as previously described [16, 17] ; the creatinine clearance was determined according to the classical methods reported elsewhere [18] .
Statistical study. Statistical analysis using classical methods (difference of means, correlations, stepwise regressions) [19] were performed. For the correlation study, each hemodynamic index was expressed per kilo of body weight as it was for the blood volume.
The protocol was approved by INSERM (Institut National de la Sante et de la Recherche Médicale, Paris). Informed consent for the investigation was obtained from the patients after a detailed description of the procedure.
Results
Hemodynamic indexes (Table 2) . Hypertensive subjects have a normal cardiac index and an elevated value for total peripheral resistance (P <0.0001).
Heart rate is slightly increased (P <0.05).
Blood volume determinations (Table 3 ). 1) Real blood volume: Whatever unit of measurement is used (ml.kg', ml.m2), the real blood volume is significantly reduced (P< 0.001).
2) Resistance-volume relationship: A significant negative linear correlation (r° -0.42; P<0.001) is observed in hypertensive subjects. As in normal subjects, the correlation is not dependent on either age or the normalization process. In comparison with the normal curve, the hypertensive curve has two characteristics: a) the curve is reset on the right-hand side and b) the slope is significantly shallower, indicating a reduced ability to decrease the volume per unit rise in resistance. Fig. 2 illustrates the hypertensive curve as compared with the normal curve and reveals two facts: a) the data representing the normotensive subjects overlap significantly with those of the hypertensive patients at the lowest levels of resistance and b) 8O% of the data from the hypertensive subjects are above the normal curve.
3) Theoretical blood volume: The theoretical mean value is significantly lower (P<0.OOl) than the real mean value.
4) Relative variation in blood volume:
The mean value is positive and the difference from the normal value is highly significant (P<0.0000l). The relative variation in blood volume is correlated directly with the diastolic arterial pressure (P<0.000l) (Fig. 3) .
Renal indexes (Table 4 ). The renal blood flow is slightly decreased (P<0.05). The relative increase in blood volume is negatively correlated with renal blood flow (P <0.0001) (Fig. 4) and creatinine clearance (r= -0.55; P<0.00l). No correlation is observed between the real blood volume and the renal blood flow or the creatinine clearance.
Discussion
The present study suggests several comments concerning blood volume regulation in sustained essential hypertension.
The volume-resistance relationship in arterial hypertension. System analysis [20] [21] [22] [23] has emphasized the role of the negative volume-pressure (or resistance) feedback mechanism in the long-term control of arterial blood pressure. The increase in pressure induces an increase in urinary output and a decrease in blood volume and mean circulatory pressure. This, in turn, reduces the cardiac output and finally the total peripheral resistance, thus causing the arterial pressure to return towards the normal level. Although the mean circulatory pressure cannot be measured in man, the negative volume-resistance relationship we have observed in normotensive subjects parallels such a mechanism and constitutes a working model in human clinical investigation. Our study demonstrates that the volume-resistance mechanism is quite different in normotensive and hypertensive patients. The hypertensive curve is reset on the right.hand side and has a diminished slope value, indicating a decreased ability to reduce the blood volume per unit rise in resistance. Such an observation in hypertensive patients reveals the inability of the body fluid control system to help maintain the blood pressure within normal ranges.
Meaning of the "relative variation in blood volume" in hypertensive patients. Analysis of the volumeresistance curves has shown that, at each level of total peripheral resistance, the real blood volume is higher in hypertensive than in normotensive subjects. This leads to the definition of the "relative variation in blood volume". This procedure can be questionable because our data are in part based on extrapolated values. However, the model we have proposed is consistent with common knowledge concerning the nature of hydraulic systems: it is impossible to increase the pressure without achieving a volume that is relatively too large for the capacity of the system. Therefore, it is not the purpose of the present study to prove the existence of such a mechanism, but only to provide a quantitative index of such a disturbance in human hypertension. This evaluation can be of major interest in practical applications. As described previously (1-3, 5, 13), real blood volume is reduced in essential hypertension. However, the present study demonstrates that, although the volume is reduced, the reduction is insufficient to restore the blood pressure to normal. The relative increase in blood volume reveals this fact and characterizes the inadequate relationship between blood volume and blood pressure. The direct correlation with the diastolic pressure suggests strongly that the high blood pressure in sustained essential hypertension is volume-dependent. In addition, the relative increase in blood volume can be defined as a volume that is not eliminated by the body, so that a normal blood pressure cannot be restored. This assertion implicates the existence of a renal mechanism.
Role of the kidneys in essential hypertension. Guyton et at (22, 23) have emphasized the role of depressed salt and water clearance by the kidneys in hypertension.
The theoretical approach to this problem was based on the concept of "infinite gain" displayed by the body fluid control system and its effects on arterial pressure regulation. It was therefore postulated [23] that the kidneys of all hypertensive patients are abnormal since they require an elevated pressure to excrete normal amounts of ingested sodium. The present study was performed in patients with + 50 essential and sustained hypertension whose sodium intake and urinary output were balanced. In addition, all subjects had endogenous creatinine clearances within normal ranges. In such a steady state, the "relative variation in blood volume" is negatively correlated to the renal blood flow and the creatinine clearance. This result is in agreement with the theory of Guyton et at and suggests strongly that a renal mechanism is necessary in long-term arterial pressure regulation, both in the normal state and in hypertension. Taking this into consideration, hypertension can be considered to be the consequence of feedback mechanisms resulting from a disorder of a regulatory system of renal origin. 
